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The present study deals with the experimental and numerical investigations of aluminum target plates impacted by
blunt, ogive and hemispherical nosed steel projectiles. The projectiles were normally impacted on the target plates of
0.5, 0.71, 1, 1.5, 2, 2.5 and 3 mm thicknesses at diﬀerent velocities with the help of a pneumatic gun. Eﬀect of pro-
jectile nose shape, impact velocity and plate thickness on the deformation of the target plates was studied. Hemispher-
ical nosed projectile caused highest global deformation (dishing) of the target plates. Ogive nosed projectiles were
found to be the most eﬃcient penetrator for the case of plates of thicknesses 0.5, 0.71, 1.0 and 1.5 mm. For the case
of plates of thicknesses 2.0, 2.5 and 3.0 mm however, blunt nosed projectiles required least energy to perforate the
target plates. The ballistic limit velocity of hemispherical nosed projectiles was found to be highest as compared to
the other two projectiles. Finite element analysis of the problem was carried out using ABAQUS ﬁnite element code.
Results of the numerical analysis were compared with the experiments and good correlation between the two was
found.
 2006 Elsevier Ltd. All rights reserved.
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Nose shape of a projectile is an important factor aﬀecting the mechanism of deformation of the target plates
and studies have appeared in the past to study this.
Investigations carried out by Wingrove (1973) on aluminum alloy targets suggested that blunt projectiles
can penetrate more eﬃciently followed by hemispherical and ogive nosed projectiles, respectively, if the target
thickness to projectile diameter ratio is less than one. Ipson and Recht (1977) found that blunt projectiles pen-
etrated the target more eﬃciently than conical projectiles when the thickness of target was moderate. For the
case of thin and thick targets however, an opposite trend was observed.0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.09.034
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normally by heavy, blunt, hemispherical and conical nosed steel projectiles of diameter varying from 66 to
160 mm. Impact velocity of the projectiles varied from 25 to 170 m/s. They found that conical projectiles
are more eﬃcient penetrators. As their nose angle is decreased, the perforation resistance of the target
tends to drop. The critical perforation energies were found to be equal for blunt and hemispherical
projectiles.
Corran et al. (1983) investigated the eﬀect of projectile nose shape on penetration of steel and aluminum
alloy plates. They used blunt and cylindro-conical projectiles of 12.5 mm diameter. Mass of the projectiles
was 15–100 g and impact velocity was varied from 50 to 250 m/s. It was observed that critical impact energy
is dependent on projectile nose radius, being maximum corresponding to a nose radius at which the mode of
failure changes from shear plugging to tensile stretching.
Camacho and Ortiz (1997) carried out ﬁnite element simulation of projectile impact. They used adaptive
meshing to avoid problems of mesh distortion and evolving contact. They reported good agreement between
the computational and experimental results on the impact of aluminum plates by conical nosed projectiles.
Chocron et al. (2001) conducted a numerical study on the impact of ogive nose projectiles against aluminum
and steel targets. Simulation of the full projectile (jacket, lead nose and core) showed that standard values for
the erosion strain gave results that were incompatible with experiments for the plate-edge impact interaction.
Damoder et al. (2001) conducted high-energy impact simulations on an aluminum target plate and a
rectangular titanium plate impactor. Threshold velocities for diﬀerent combinations of pitch and yaw
angles of the impactor were obtained for the impactor–target test conﬁguration using diﬀerent mesh dis-
crimination. The results suggested that the projectile attitude of ±2 can inﬂuence the target damage
modes for initial speed very close to the threshold speed. Also, projectile penetration through the alumi-
num target plate could potentially result in multiple cracks. Numerical simulations using models with very
ﬁne mesh predicted damage similar to that obtained from the experiment for complete penetration of the
target by the impactor.
Borvik et al. (2002a,b) studied the impact behavior of steel plates when struck by blunt, hemispherical and
conical nosed projectiles. They found from experiments that blunt projectiles were more eﬃcient penetrators
than hemispherical and conical projectiles at low velocities. However, at higher impact velocities, the conical
projectile required less energy to perforate the target. Close agreement was found between experimental and
corresponding ﬁnite element results. It was shown that adaptive meshing is necessary in 2D simulation of the
impact of conical and hemispherical projectiles on metallic plates. It was observed that numerical results were
improved by reducing the element size.
Studies in the literature show that the eﬀect of projectile nose on the target plates varies with various
parameters such as thickness of the target plate, impact velocity of the projectile, target thickness to projectile
diameter ratio and nose angle or nose radius of the projectiles. Diﬀerent investigators have varied diﬀerent
parameters to study the eﬀect of projectile nose shape on the target plates. However, there still remains a need
for a systematic study of the inﬂuence of projectile nose shape, thickness of the target plate and the projectile
impact velocity on deformation behavior of the aluminum plates. In this paper, we present experimental and
numerical analysis of the deformation behavior of such plates of various thicknesses when impacted by the
blunt, ogive and hemispherical nosed projectiles. Hardened steel projectiles of 19 mm diameter were impacted
on 1100-H12 aluminum target plates of 0.5, 0.71, 1.0, 1.5, 2.0, 2.5 and 3 mm thickness. Thus the target thick-
ness to projectile diameter ratio varied between 0.026 and 0.158. Ogive nosed projectile was found to be the
most eﬃcient penetrator for the case of plates of thicknesses 0.5, 0.71, 1.0 and 1.5 mm. For the case of plates of
thicknesses 2, 2.5 and 3 mm, however, blunt nosed projectile required least energy to perforate the target
plates. Hemispherical nosed projectile on the other hand was found least eﬀective penetrator. Failure mech-
anism of the target plates as is discussed later was also found to be inﬂuenced by the nose shape of the
projectiles.
Finite element simulation of the problem was carried out using ﬁnite element code ABAQUS. Residual
velocities as well as the ballistic limit velocities of the projectiles were obtained using the post processing mod-
ule of the code. The predicted values of residual velocities were compared with the experiments and good cor-
relation was found between the two. The predicted failure mechanism of the target plates was also found in
good agreement with that observed experimentally.
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Fig. 1. (a) Geometry of blunt, hemispherical and ogive nosed projectiles. (b) A schematic of the experimental setup.
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Experiments were carried out on 1100-H12 aluminum alloy plates of 0.5, 0.71, 1, 1.5, 2, 2.5 and 3 mm thick-
nesses using blunt, ogive and hemispherical nosed projectiles. Hard steel projectiles of 52.5 g mass and 19 mm
diameter (Fig. 1(a)) were impacted normally on the target plates near and above the ballistic limit. The impact
velocity range of the projectiles was 33–126 m/s. To obtain a constant mass of the projectiles, the wall thick-
nesses of the blunt, ogive and hemispherical nosed projectiles were slightly varied, and these were 2.44, 3.65
and 2.5 mm, respectively. A pneumatic gun was used to launch the projectiles at varying velocity (Fig. 1(b)).
Impact velocity of the projectiles was measured with the help of a photo gate type arrangement comprising of
three infrared light emitting diodes and three infrared light sensing photodiodes. Residual velocity of the pro-
jectiles was measured with the help of two sets of aluminum foil screens of 6 lm thickness, placed behind the
target plate.3. Experimental results and discussion
Experimental results of the response of target plates of all thicknesses impacted by blunt, ogive and
hemispherical nosed projectiles are presented in Tables 1–3, respectively. The eﬀect of impact velocity
Vi, on the residual velocity Vr, and velocity drop Vd = Vi  Vr, of projectiles is shown in the tables.
Impact energy Ei, and residual energy Er, of the projectiles as well as the energy absorbed by the target
Table 1
Observed values of impact velocity Vi, residual velocity Vr, velocity drop Vd, impact energy Ei, residual energy Er and absorbed energy Ea for blunt nosed projectiles impacted on plates
of various thicknesses
Target thickness
(mm)
S. No. Impact velocity Vi
(m/s)
Residual velocity Vr
(m/s)
Velocity drop Vd
(m/s)
Impact energy Ei
(Joule)
Residual energy Er
(Joule)
Absorbed energy Ea
(Joule)
0.5 1 113.43 102.81 10.62 337.74 277.46 60.282
2 109.79 96.71 13.08 316.41 245.512 70.902
3 104.297 89.725 14.572 285.54 211.328 74.216
4 101.249 85.778 15.471 269.1 193.144 75.954
5 91 74.88 16.12 217.38 147.184 70.192
6 88.836 71.603 17.233 207.16 134.583 72.577
7 80.446 59.281 21.165 169.88 92.248 77.63
8 73.673 49.743 23.93 142.48 64.952 77.525
9 65.795 38.579 27.216 113.64 39.068 74.567
10 59.887 27.125 32.762 94.144 19.313 74.831
11 47.932 10.9 37.032 60.309 3.118 57.19
12 35.573 0 35.573 33.218 0 33.218
0.71 1 114.301 93.246 21.055 342.95 228.239 114.71
2 101.01 78.333 22.677 267.83 161.072 106.76
3 98.27 73.382 24.888 253.5 141.354 112.14
4 97.5 71.265 26.235 249.54 133.316 116.22
5 82.209 56.75 25.459 177.41 84.539 92.866
6 76.214 43.802 32.412 152.48 50.363 102.11
7 64.526 28.304 36.222 109.29 21.029 88.265
8 51.437 12.301 39.136 69.451 3.972 65.479
9 42.793 0 42.793 48.07 0 48.07
1.0 1 115.6 92.985 22.615 350.79 226.963 123.83
2 104.036 80.172 23.864 284.12 168.723 115.39
3 102.5 79.167 23.333 275.79 164.52 111.27
4 92.455 67.454 25.001 224.38 119.439 104.94
5 87.455 58.264 29.191 200.77 89.11 111.66
6 73.986 43.84 30.146 143.69 50.451 93.24
7 61.3 0 61.3 98.639 0 98.639
1.50 1 112.362 86.88 25.482 331.41 198.139 133.27
2 107.526 78.917 28.609 303.5 163.482 140.02
3 104.821 74.609 30.212 288.42 146.121 142.3
4 96.326 63.39 32.936 243.57 105.48 138.09
5 85.382 51.046 34.336 191.36 68.399 122.97
6 71.432 31.763 39.669 133.94 26.483 107.46
7 64.115 0 64.115 107.91 0 107.91
2.0 1 121.773 91.63 30.143 389.25 220.396 168.86
2 116.326 84.907 31.419 355.21 189.241 165.97
3 108.365 75.215 33.15 308.25 148.504 159.75
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4 97.402 62.361 35.041 249.04 102.083 146.95
5 87.873 49.117 38.756 202.69 63.327 139.37
6 82.953 38.288 44.665 180.63 38.481 142.15
7 66.693 0 66.693 116.76 0 116.76
2.5 1 121.124 88 33.124 385.11 203.28 181.83
2 116.359 81.109 35.25 355.41 172.69 182.72
3 112.007 72.037 39.97 329.32 136.22 193.1
4 105.65 61.639 44.011 293 99.733 193.27
5 99.361 50.155 49.206 259.16 66.032 193.12
6 87.25 32.634 54.616 199.83 27.955 171.87
7 74.429 0 74.429 145.42 0 145.42
3.0 1 118.203 73.59 44.613 366.76 142.157 224.61
2 115.79 67.423 48.367 351.94 119.329 232.61
3 114.573 64.875 49.698 344.58 110.48 234.1
4 108.195 57.786 50.409 307.29 87.654 219.63
5 101.297 44.242 57.055 269.35 51.38 217.97
6 93.648 30.917 62.731 230.21 25.091 205.12
7 87.294 0 87.294 200.03 0 200.03
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Table 2
Observed values of impact velocity Vi, residual velocity Vr, velocity drop Vd, impact energy Ei, residual energy Er and absorbed energy Ea for ogive nosed projectiles impacted on plates
of various thicknesses
Target thickness
(mm)
S. No. Initial velocity Vi
(m/s)
Residual velocity Vr
(m/s)
Velocity drop
(m/s)
Impact energy
(Joule)
Residual energy
(Joule)
Absorbed energy
(Joule)
0.5 1 107.805 99.423 8.382 305.075 259.4795 45.595
2 97.885 88.72 9.165 251.514 206.62 44.893
3 92.46 81.783 10.677 224.407 175.5721 48.835
4 83.892 68.437 15.455 184.744 122.9451 61.798
5 77.41 58.217 19.193 157.298 88.967 68.331
6 69.638 48.114 21.524 127.298 60.767 66.53
7 62.472 38.807 23.665 102.447 39.532 62.915
8 54.102 27.629 26.473 76.8344 20.038 56.796
9 47.468 17.153 30.315 59.1468 7.723 51.423
10 40.665 8.038 32.627 43.4081 1.695 41.712
11 33.749 0 33.749 29.8986 0 29.898
0.71 1 114.937 103.721 11.216 346.776 282.398 64.377
2 111.061 99.384 11.677 323.782 259.276 64.505
3 103.007 90.423 12.584 278.524 214.628 63.895
4 97.885 83.384 14.501 251.514 182.513 69.0
5 88.325 69.983 18.342 204.784 128.562 76.221
6 72.258 48.578 23.68 137.057 61.945 75.111
7 64.993 38.859 26.134 110.882 39.638 71.244
8 51.249 19.588 31.661 68.9446 10.071 58.872
9 44.255 8.485 35.77 51.4108 1.889 49.520
10 38.406 0 38.406 38.7193 0 38.719
1.0 1 112.725 99.112 13.613 333.557 257.858 75.698
2 97.236 78.267 18.969 248.19 160.8 87.389
3 82.973 61.622 21.351 180.719 99.678 81.04
4 81.913 58.194 23.719 176.131 88.896 87.233
5 73.307 44.384 28.923 141.065 51.71 89.354
6 65.801 29.687 36.114 113.657 23.134 90.521
7 57.283 17.867 39.416 86.1352 8.379 77.755
8 51.279 8.726 42.553 69.0253 1.998 67.026
9 45.308 0 45.308 53.8864 0 53.886
1.5 1 112 97.037 14.963 329.28 247.174 82.105
2 108.932 87.916 21.016 311.487 202.892 108.595
3 106.247 84 22.247 296.321 185.22 111.101
4 100.2 75.714 24.486 263.551 150.481 113.07
5 96.326 69.975 26.351 243.566 128.533 115.032
6 88.746 58.174 30.572 206.741 88.835 117.905
7 74.644 39.522 35.122 146.258 41.0 105.255
8 62.88 23.467 39.413 103.79 14.455 89.333
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9 54.297 0 54.297 77.3893 0 77.389
2.0 1 126.518 91.384 35.134 420.179 219.214 200.963
2 116.713 77.423 39.29 357.576 157.350 200.224
3 111.325 69.364 41.961 325.323 126.298 199.024
4 105.263 58.037 47.226 290.858 88.417 202.44
5 95.75 46.218 49.532 240.662 56.072 184.588
6 83.697 29.975 53.722 183.886 23.585 160.3
7 67.152 0 67.152 118.372 0 118.371
2.5 1 123.031 88.111 34.92 397.336 203.793 193.543
2 117.845 79.031 38.814 364.545 163.954 200.59
3 111.408 69.603 41.805 325.808 127.17 198.638
4 103.106 57.025 46.081 279.06 85.361 193.698
5 96.749 40.57 56.179 245.71 43.205 202.504
6 79.351 0 79.351 165.285 0 165.285
3.0 1 118.091 72.656 45.435 366.069 138.571 227.498
2 112.422 60.399 52.023 331.766 95.761 236.005
3 105.618 36.718 68.9 292.823 35.39 257.432
4 100.216 27.633 72.583 263.635 20.044 243.591
5 96.9 20.77 76.13 246.477 11.324 235.153
6 90.436 0 90.436 214.69 0 214.690
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Table 3
Observed values of impact velocity Vi, residual velocity Vr, velocity drop Vd, impact energy Ei, residual energy Er and absorbed energy Ea for hemispherical nosed projectiles impacted
on plates of various thicknesses
Target thickness
(mm)
S. No. Initial velocity
Vi (m/s)
Residual velocity Vr
(m/s)
Velocity drop
(m/s)
Impact energy
(Joule)
Residual energy
(Joule)
Absorbed energy
(Joule)
0.5 1 118.624 107.454 11.17 369.3809 303.092 66.288
2 112.43 99.265 13.165 331.8133 258.655 73.157
3 100.563 85.523 15.04 265.4641 191.997 73.466
4 94.175 75.303 18.872 232.8094 148.851 83.957
5 87.516 67.932 19.584 201.0501 121.137 79.912
6 82.429 61.769 20.66 178.3567 100.154 78.202
7 78.531 56.278 22.253 161.8868 83.1393 78.747
8 70.251 44.936 25.315 129.5491 53.0 76.543
9 65.228 36.497 28.731 111.6857 34.965 76.719
10 57.428 25.324 32.104 86.57185 16.834 69.737
11 48.526 12.843 35.683 61.81278 4.329 57.483
12 42.35 0 42.35 47.07997 0 47.079
0.71 1 115.312 102.667 12.645 349.0425 276.688 72.354
2 112.007 97.394 14.613 329.3212 248.996 80.324
3 98.541 81.827 16.714 254.8961 175.761 79.135
4 90.383 70.875 19.508 214.4385 131.86 82.577
5 79.412 51.55 27.862 165.5395 69.756 95.782
6 71.626 42.179 29.447 134.67 46.7 87.969
7 65.361 30.789 34.572 112.1416 24.884 87.257
8 54.612 14.639 39.973 78.28985 5.625 72.664
9 48.883 0 48.883 62.72563 0 62.725
1.0 1 116.532 95.4 21.132 356.4673 238.9 117.561
2 112.427 88.757 23.67 331.7955 206.792 125.0
3 108.131 83.831 24.3 306.9232 184.475 122.447
4 105.251 78.371 26.88 290.7915 161.227 129.563
5 98.314 69.784 28.53 253.7231 127.832 125.89
6 91.91 60.29 31.62 221.7455 95.415 126.329
7 80.692 45.247 35.445 170.919 53.741 117.177
8 72.4 33.844 38.556 137.5962 30.067 107.529
9 62.174 0 62.174 101.4722 0 101.472
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1.5 1 110.375 78.928 31.447 319.7943 163.527 156.266
2 106.337 65.142 41.195 296.8234 111.391 185.432
3 98.256 50.943 47.313 253.4238 68.123 185.3
4 83.614 31.431 52.183 183.5217 25.932 157.589
5 75.544 18.833 56.711 149.806 9.31 140.495
6 69.492 0 69.492 126.7649 0 126.764
2.0 1 119.846 82.037 37.809 377.0304 176.664 200.366
2 113.56 71.708 41.852 338.5167 134.978 203.538
3 109.745 66.034 43.711 316.1541 114.462 201.691
4 102.88 54.615 48.265 277.8377 78.298 199.539
5 96.351 42.72 53.631 243.6923 47.906 195.786
6 81.396 0 81.396 173.9144 0 173.914
2.5 1 117.98 76.185 36.795 365.3811 152.359 213.022
2 106.837 54.317 52.52 299.6213 77.446 222.175
3 95.895 0 95.895 241.3911 0 241.391
3.0 1 116.55 38.114 78.436 356.577 38.132 318.444
2 108.178 0 108.178 307.190 0 307.19
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3420 N.K. Gupta et al. / International Journal of Solids and Structures 44 (2007) 3411–3439plates Ea = Ei  Er, is also presented. It is observed that there is an increase in the velocity drop of the
projectiles with the decreasing impact velocity. The velocity drop is found to be highest at the ballistic
limit. It is also observed that for 0.5, 0.71, 1 and 1.5 mm thick target plates the velocity drop is higher
for the case of impact by blunt nosed projectiles. On the other hand for 2, 2.5 and 3 mm thick plates
the velocity drop is higher for the case of impact by ogive nosed projectiles. Nevertheless, the ballistic
limit velocities of blunt and ogive nosed projectiles are found to be close to each other in most of the
cases. In contrast, the hemispherical nosed projectiles are found to be the least eﬀective penetrator of
the target plates as their ballistic limit velocities are higher than the blunt and ogive nosed projectiles. Bor-
vik et al. (2002a,b) on the other hand observed that the ballistic limit velocities of conical and hemispher-
ical nosed projectiles when impacted on 12 mm thick weldox steel plates were approximately equal, but,
the ballistic limit velocity of blunt nosed projectile was almost half than the other two projectiles. In the
present experimental study, the ballistic limit velocity of hemispherical nosed projectile for 2.5 mm thick
target plate is found to be 95.895 m/s, whereas for blunt and ogive nosed projectiles these are found to
be 74.429 and 79.351 m/s. The hemispherical nosed projectile, at this impact velocity (95.895 m/s) could
not perforate the 2.5 mm thick target plate. However, it caused signiﬁcant bending with thinning of the
region of the plate in contact with the projectile such that the deformation at the centre of the plate con-
forms with the nose shape of the projectile. A circular crack of 14 mm diameter is developed at the centre
of the plate predicting formation of a circular cap. For the case of 3 mm thick target plate the ballistic
limit velocities of blunt, ogive and hemispherical nosed projectiles are 87.294, 90.436 and 108.178 m/s,
respectively. At this velocity, the hemispherical nosed projectile could not perforate, but, it caused thinning
of the contact region of the target plate, and formed a circular crack. The crack is opened after the severe
thinning of the target material resulting in the formation of a thin circular cap. The cap could bend only
partly. Therefore, it could not provide proper passage to the projectile for the perforation of the target
plate. The diameter of the central hole created by the projectile is 15 mm and that of the cap is
14 mm. The thickness of the plate at the hole is 1 mm. There is no sign of petal formation in the target
plate for this case.
Typical deformed specimens of the target plates impacted by blunt, ogive and hemispherical nosed
projectiles are shown in Figs. 2(a)–(c), respectively. When a blunt projectile hit the target plates, a cir-
cular plug of diameter equal to the diameter of the projectile was sheared out giving a clean cut hole to
the target plate. The thickness of the plug was found to be same as that of the target plate. Ogive nosed
projectiles failed the targets by forming petals, and plug formation was absent. This failure mode is typ-
ical of impact by ogival or conical nosed projectile. The nose of the projectile ﬁrst forms a minute hole
in the target along the axis of the projectile trajectory. The target deforms at its center in the shape of a
crater around the projectile nose. The crack which is initiated at the tip of the crater propagates to form
petals. These petals are bent during the onward movement of the projectile. It was observed that petals
are bent more than 90 in the case of plates of thicknesses 0.5, 0.71 and 1 mm. As the thickness of the
target plate increases the bending of the petals is reduced (Fig. 2(b)), which shows that the bending
resistance of thicker plate is more as compared to that of the thin plate. Thinning of the target plates
is observed in the petalling region. Thinning starts from the root of the petal and reaches maximum to
its tip. Hemispherical nosed projectiles also failed the target plates through ‘‘petalling’’. The material in
front of the projectile was pushed forward. There is thinning of a portion of material and formation of
small petals, number of these petals increases with an increase in the thickness of the target. Thinning of
the target material is observed in the contact region of the projectile and the plate. A thin plug of con-
siderably smaller diameter than the diameter of the projectile ‘‘just’’ gets fully separated from the plate.
(The plug remained attach to one of the petals.) This phenomenon was also observed by Levy and
Goldsmith (1984). The diameter of the perforated hole is found to be smaller than that of the projectile,
due to elastic recovery.
3.1. Eﬀect of impact velocity
Target plates of various thicknesses are impacted at varying velocities by projectiles of diﬀerent nose shape.
Typical deformation proﬁles of the target plates are plotted as a function of projectile impact velocity
Fig. 2. Deformed plate specimens of various thicknesses impacted by (a) blunt nosed projectiles; (b) ogive nosed projectiles; (c)
hemispherical nosed projectiles.
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3422 N.K. Gupta et al. / International Journal of Solids and Structures 44 (2007) 3411–3439(Figs. 3(a)–(f)). It is observed that the deformation of the target plate decreases with an increase in the pro-
jectile impact velocity. The global deformation of the target plate as well as the localised deformation increases
with an increase in the plate thickness. It is also observed that hemispherical nosed projectiles caused more
intense deformation of the target plates than the other two projectiles.Fig. 3. Variation of deformation proﬁle with impact velocity.
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Impact and residual velocities of the projectiles are plotted in Figs. 4(a)–(c), to compare the resistance
oﬀered by the target plates of all thicknesses. It is found from these ﬁgures that as the thickness of the target
plate increases more resistance is oﬀered by the target plates to the perforation of the projectile. Lowest bal-
listic limit velocity of the projectiles is observed for the case of impact on 0.5 mm thick plates. For the case of
impact on 3 mm thick plates however, the ballistic limit velocity is found to be highest. It is also observed that
for the case of blunt and ogive nosed projectiles the energy required to perforate the target plate is comparable
but for the case of impact by hemispherical nosed projectiles target plate absorbed higher energy. Figs. 5(a)–(c)
show the comparison of impact velocity and velocity drop of the blunt, ogive and hemispherical nosed pro-
jectiles impacted on the target plates of various thicknesses.3.3. Eﬀect of projectile nose shape
To compare the resistance oﬀered by the target plates against the impact of blunt, ogive and hemispherical
nosed projectiles, the impact and residual velocity curves of diﬀerent projectile noses are plotted as a result of
impact on a particular thickness of the target plate (Figs. 6(a)–(f)). Ogive nosed projectiles are found to be the
most eﬃcient penetrator for the case of impact on 0.5, 0.71, 1 and 1.5 mm thick target plates. For the case of0
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Fig. 4. Variation of residual velocity with impact velocity for various plate thicknesses. (a) blunt nosed projectile case; (b) ogive nosed
projectile case; (c) hemispherical nosed projectile case.
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Fig. 5. Variation of velocity drop with impact velocity for various plate thicknesses (a) blunt nosed projectile case; (b) ogive nosed
projectile case; (c) hemispherical nosed projectile case.
3424 N.K. Gupta et al. / International Journal of Solids and Structures 44 (2007) 3411–3439impact on 2, 2.5 and 3 mm thick target plates however, blunt nosed projectiles required least energy to per-
forate the target plates.
Deformation proﬁles of the target plates are compared for various projectile noses to study the eﬀect of
projectile nose shape on the plastic deformation (Figs. 7(a)–(f)). It is observed that hemispherical nosed
projectiles caused highest plastic deformation of the target plates followed by ogive and blunt nosed pro-
jectiles. For the case of 0.5 mm thick plates however, lowest deformation is observed for ogive nosed
projectiles.
It can be concluded from the above discussion that the kinetic energy of hemispherical nosed projectiles is
dissipated in the formation of plug as well as tearing of the target material. Fracture of the material takes place
subsequent to the severe thinning of the localized region. Hence, the energy required by hemispherical nosed
projectile to perforate the target plate is more than the blunt as well as the ogive nosed projectiles.
4. Constitutive modeling
An elasto-viscoplastic material model presented by Johnson and Cook (1983, 1985) was incorporated in the
present study to predict the behavior of the target plate. The true stress–strain curve of the tested material
(aluminum 1100-H12 alloy), shown in Fig. 8, was obtained by subjecting round specimens of diameter
6 mm and total length 150 mm to tension tests on a Zwick Z250/SN5A universal testing machine at a ﬁxed
strain rate of 4.16 · 104 s1. The eﬀect of stress tri-axiality in the material was studied by testing notched
specimens having three diﬀerent notch radii namely 2, 0.8 and 0.4 mm. Fig. 9 shows the curve between the
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Fig. 6. Comparison of impact and residual velocities of blunt, ogive and hemispherical nosed projectiles for various plate thicknesses.
N.K. Gupta et al. / International Journal of Solids and Structures 44 (2007) 3411–3439 3425measured fracture strain and maximum stress tri-axiality ratio. All the material parameters used during the
numerical simulations are given in Table 4. The detail of the material model as well as the identiﬁcation pro-
cedure of material parameters can be found in Gupta et al. (2006).
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Fig. 8. True stress–true strain curve of the target material.
Table 4
Material parameters used for numerical simulation of the problem
Modulus of elasticity, E (N/mm2) 65.762 · 103
Poison’s ratio, m 0.3
Density, q (kg/m3) 2700
Yield stress, A (N/mm2) 148.361
B (N/mm2) 345.513
n 0.183
C 0.001
Reference strain rate, _e0 (1/s) 1.0
m 0.859
Tmelt (K) 893
T0 (K) 293
Speciﬁc heat, Cp (J/kgK) 920
Inelastic heat fraction, g 0.9
D1 0.071
D2 1.248
D3 1.142
D4 0.147
D5 0.0
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Fig. 9. Eﬀect of triaxiality ratio on fracture strain.
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Numerical analysis of the problem was carried out using ABAQUS ﬁnite element code. Explicit solution
technique of the code was used to simulate the projectile perforation of the target plate. An axi-symmetric geo-
metric model of the bullet and the target plate was created in the preprocessing module of the code. Target
plate was modeled as deformable body and the bullet as a rigid body with single node reference point to assign
mass and initial velocity. Surface to surface contact was modeled between the bullet and the plate using kine-
matic contact algorithm. The bullet was considered as the master surface and the contact surface of the plate
as the slave surface. The eﬀect of friction between projectile and target was considered as negligible.
5.1. Meshing strategy
Four noded axi-symmetric quadrilateral elements with single integration point were used during the anal-
ysis for all the target thicknesses impacted by blunt, ogive and hemispherical nosed projectiles. The mesh den-
sity was made high in the impact zone. It was reduced as the distance from the impact area increased. A
number of elements were taken in the thickness direction. The aspect ratio of the elements was maintained
unity in the impact zone. It was allowed to increase however, towards the periphery of the plate. The number
of elements in the target plate was varied according to the thickness of the target. For the case of 0.5, 0.71, 1,
1.5, 2, 2.5 and 3 mm target thicknesses the number of elements in the thickness direction was 9, 13, 18, 27, 36,
45, 54 giving the total number of 4554, 6578, 9108, 13,662, 18,216, 22,770, 27,324 elements in the target plates,
respectively.
5.2. Adaptive meshing
Adaptive meshing available in ABAQUS does not change the number of elements or nodal connectivity.
The so-called lagrangian adaptive meshing was used in the impact region of the target plate directly in front
of the projectile. Adaptive meshing was used for the case of impact by ogive and hemispherical nosed projec-
tiles only. The purpose of using adaptive meshing was to avoid the error termination of the program due to
excessive distortion of the elements. Borvik et al. (2002a,b) also found that adaptive meshing is necessary in
the simulation of the impact of conical and hemispherical nosed projectiles on metallic plates. Adaptive mesh-
ing is highly signiﬁcant in the problem of large deformations, it provides faster and more accurate solution
than pure Lagrangian analysis. The frequency of adaptive meshing aﬀects the mesh quality. A typical problem
of very high rate of deformation requires more frequent adaptive meshing. In the present problem adaptive
meshing was performed at every ﬁve increments of the analysis. In an adaptive mesh increment, a new,
smoother mesh is created by sweeping iteratively over the adaptive mesh domain. During each sweep the
nodes in the domain are relocated based on the current position of neighboring nodes and elements. In a typ-
ical mesh sweep a node is moved a fraction of the characteristic length of any element surrounding that node.
Increasing the number of mesh sweeps increases the intensity of adaptive meshing. In the present problem
50 mesh sweeps were performed during each adaptive re-meshing. For the case of impact by blunt nosed pro-
jectile no such termination of the program was observed. However, distortion of the elements also did occur
for the case of blunt nosed projectile impact.
6. Computational results and discussion
Numerical results of the blunt, ogive and hemispherical nosed projectiles impacted on target plates of var-
ious thicknesses are presented in Tables 5–7, respectively. The eﬀect of impact velocity Vi, on the residual
velocity Vr and velocity drop Vd = Vi  Vr of projectiles are shown. Impact energy Ei, and residual energy
Er, of the projectiles as well as the energy absorbed by the target plates Ea = Ei  Er, are also presented in
the tables. Fig. 10 shows the predicted progress of deformation of the target plates impacted by blunt, ogive
and hemispherical nosed projectiles. It was observed that blunt nosed projectiles failed the target plates by
removing a circular plug of diameter equal to that of the projectile. The thickness of the plug was found to
be same as that of the target plate. Ogive nosed projectiles burst the target plate at centre. The tip of the pro-
Table 5
Predicted values of impact velocity Vi, residual velocity Vr, velocity drop Vd, impact energy Ei, residual energy Er and absorbed energy Ea for blunt nosed projectiles impacted on plates
of various thicknesses
Target thickness
(mm)
S. No. Initial velocity Vi
(m/s)
Residual velocity Vr
(m/s)
Velocity drop Vd
(m/s)
Impact energy Ei
(Joule)
Residual energy Er
(Joule)
Absorbed energy Ea
(Joule)
0.5 1 113.43 106.35 7.08 337.74 296.896 40.846
2 109.79 100.6 9.19 316.41 265.659 50.754
3 104.297 91.834 12.463 285.54 221.379 64.165
4 101.249 85.51 15.739 269.1 191.939 77.159
5 91 72.18 18.82 217.38 136.761 80.615
6 88.836 68.512 20.324 207.16 123.215 83.946
7 80.446 56.766 23.68 169.88 84.5874 85.291
8 73.673 47.122 26.551 142.48 58.2877 84.19
9 65.795 34.422 31.373 113.64 31.1029 82.533
10 59.887 24.593 35.294 94.144 15.8764 78.268
11 47.932 8.596 39.336 60.309 1.93964 58.369
12 43.2 0 43.2 48.989 0 48.989
0.71 1 114.301 97.432 16.869 342.95 249.191 93.758
2 101.01 81.146 19.864 267.83 172.848 94.982
3 98.27 76.782 21.488 253.5 154.756 98.74
4 97.5 74.987 22.513 249.54 147.605 101.93
5 82.209 59.134 23.075 177.41 91.7918 85.614
6 76.214 48.742 27.472 152.48 62.3643 90.111
7 64.526 31.236 33.29 109.29 25.6118 83.683
8 51.437 13.01 38.427 69.451 4.44308 65.008
9 44.3 0 44.3 51.515 0 51.515
1.0 1 115.6 98.661 16.939 350.79 255.517 95.271
2 104.036 83.916 20.12 284.12 184.85 99.267
3 102.5 82.512 19.988 275.79 178.716 97.073
4 92.455 63.302 29.153 224.38 105.188 119.2
5 87.455 53.15 34.305 200.77 74.1542 126.62
6 73.986 40.645 33.341 143.69 43.3654 100.33
7 66.7 0 66.7 116.78 0 116.78
1.5 1 112.362 82.993 29.369 331.41 180.806 150.61
2 107.526 74.789 32.737 303.5 146.827 156.67
3 104.821 69.696 35.125 288.42 127.51 160.91
4 96.326 58.326 38 243.57 89.3005 154.27
5 85.382 45.741 39.641 191.36 54.9213 136.44
6 71.432 28.181 43.251 133.94 20.8469 113.09
7 66.215 0 66.215 115.09 0 115.09
2.0 1 121.773 87.903 33.87 389.25 202.832 186.42
2 116.326 81.097 35.229 355.21 172.639 182.57
3 108.365 69.732 38.633 308.25 127.642 180.61
(continued on next page)
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Table 5 (continued)
Target thickness
(mm)
S. No. Initial velocity
Vi (m/s)
Residual velocity
Vr (m/s)
Velocity drop
Vd (m/s)
Impact energy
Ei (Joule)
esidual energy
r (Joule)
Absorbed energy
Ea (Joule)
4 97.402 56.074 41.328 249.04 2.5377 166.5
5 87.873 43.324 44.549 202.69 9.2704 153.42
6 82.953 32.277 50.676 180.63 7.3474 153.28
7 71.6 0 71.6 134.57 0 134.57
2.5 1 121.124 84.605 36.519 385.11 7.898 197.22
2 116.359 75.358 41.001 355.41 9.069 206.34
3 112.007 67.605 44.402 329.32 9.974 209.35
4 105.65 56.637 49.013 293 4.2034 208.8
5 99.361 44.209 55.152 259.16 1.3039 207.85
6 87.25 27.003 60.247 199.83 9.1405 180.69
7 79.4 0 79.4 165.49 0 165.49
3.0 118.203 69.36 48.843 366.76 6.284 240.48
115.79 64.777 51.013 351.94 0.147 241.8
114.573 61.623 52.95 344.58 9.6816 244.9
108.195 53.068 55.127 307.29 3.9256 233.36
101.297 39.895 61.402 269.35 1.7798 227.57
93.648 25.176 68.472 230.21 6.6381 213.57
91.2 0 91.2 218.33 0 218.33
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Table 6
Predicted values of impact velocity Vi, residual velocity Vr, velocity drop Vd, impact energy Ei, residual energy Er and absorbed energy Ea for ogive nosed projectiles impacted on plates
of various thicknesses
Target thickness
(mm)
S. No. Initial velocity
Vi (m/s)
Residual velocity
Vr (m/s)
Velocity drop
Vd (m/s)
Impact energy
Ei (Joule)
Residual energy
Er (Joule)
Absorbed energy
Ea (Joule)
0.5 1 107.805 100.482 7.323 305.075 265.036 40.038
2 97.885 87.47 10.415 251.514 200.838 50.674
3 92.46 79.49 12.97 224.407 165.864 58.542
4 83.892 65.576 18.316 184.744 112.88 71.863
5 77.41 54.642 22.768 157.298 78.375 78.92
6 69.638 45.336 24.302 127.298 53.953 73.345
7 62.472 36.131 26.341 102.447 34.268 68.179
8 54.102 23.96 30.142 76.8344 15.069 61.764
9 47.468 14.042 33.426 59.1468 5.175 53.97
10 40.6 0 40.6 43.2695 0 43.269
0.71 1 114.94 101.98 12.956 346.776 273.0 73.772
2 111.061 97.227 13.834 323.782 248.143 75.638
3 103.007 86.009 16.998 278.524 194.185 84.338
4 97.885 76.232 21.653 251.514 152.547 98.966
5 88.325 62.686 25.639 204.784 103.15 101.634
6 72.258 42.784 29.474 137.057 48.049 89.0071
7 64.993 31.749 33.244 110.882 26.459 84.422
8 51.249 13.98 37.269 68.9446 5.13 63.814
9 44.255 0 44.255 51.4108 0 51.41
1.0 1 112.725 95.64 17.085 333.557 240.109 93.447
2 97.236 73.258 23.978 248.19 140.876 107.312
3 82.973 55.713 27.26 180.719 81.478 99.24
4 81.913 53.277 28.636 176.131 74.509 101.621
5 73.307 38.679 34.628 141.065 39.271 101.793
6 65.801 26.04 39.761 113.657 17.799 95.856
7 57.283 15.939 41.344 86.1352 6.668 79.466
8 52.1 0 52.1 71.2533 0 71.253
1.5 1 112 97.956 20.225 329.28 251.878 77.401
2 108.932 88.829 23.103 311.487 207.128 104.359
3 106.247 81.284 24.963 296.321 173.436 122.885
4 100.2 73.942 26.258 263.551 143.519 120.031
5 96.326 67.211 29.115 243.566 118.579 124.986
6 88.746 55.236 33.51 206.741 80.089 126.652
7 74.644 37.209 37.435 146.258 36.343 109.914
8 62.88 20.653 42.227 103.79 11.196 92.592
9 58.6 0 58.6 90.1415 0 90.141
2.0 1 126.518 93.017 33.501 420.179 227.119 193.059
2 116.713 75.353 41.36 357.576 149.049 208.526
(continued on next page)
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Table 6 (continued)
Target thickness
(mm)
S. No. Initial velocity
Vi (m/s)
Residual velocity
Vr (m/s)
Velocity drop
Vd (m/s)
Impact energy
Ei (Joule)
esidual energy
r (Joule)
Absorbed energy
Ea (Joule)
3 111.325 66.415 44.91 325.323 5.787 209.535
4 105.263 51.926 53.337 290.858 0.778 220.079
5 95.75 41.12 56.532 240.662 4.384 196.276
6 83.697 24.39 59.307 183.886 5.615 168.27
7 75.2 0 75.2 148.445 0 148.444
2.5 1 123.031 85.382 37.649 397.336 1.364 205.971
2 117.845 74.433 43.412 364.545 5.432 219.113
3 111.408 65.418 45.99 325.808 2.337 213.471
4 103.106 51.105 52.001 279.06 8.557 210.502
5 96.749 36.43 60.319 245.71 4.837 210.872
6 87.4 0 87.4 200.517 0 200.517
3.0 1 118.091 68.72 49.371 366.069 3.96 242.105
2 112.422 58.82 53.602 331.766 0.819 240.946
3 105.618 34.411 71.207 292.823 1.083 261.739
4 100.216 24.346 75.87 263.635 5.55 248.076
5 96.9 17.893 79.007 246.477 8.404 238.073
6 94.6 0 94.6 234.915 0 234.915
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Table 7
Predicted values of impact velocity Vi, residual velocity Vr, velocity drop Vd, impact energy Ei, residual energy Er and absorbed energy Ea for hemispherical nosed projectiles impacted
on plates of various thicknesses
Target thickness
(mm)
S. No. Initial velocity
Vi (m/s)
Residual velocity
Vr (m/s)
Velocity drop
Vd (m/s)
Impact energy
Ei (Joule)
Residual energy
Er (Joule)
Absorbed energy
Ea (Joule)
0.5 1 118.624 108.389 10.235 369.380 308.389 60.991
2 112.43 99.813 12.617 331.813 261.519 70.294
3 100.563 84.773 15.79 265.464 188.644 76.819
4 94.175 74.271 19.904 232.809 144.799 88.009
5 87.516 66.716 20.8 201.05 116.839 84.210
6 82.429 58.903 23.526 178.356 91.076 87.280
7 78.531 52.368 26.163 161.886 71.988 89.898
8 70.251 39.802 30.449 129.549 41.585 87.963
9 65.228 31.811 33.417 111.685 26.563 85.122
10 57.428 21.956 35.472 86.571 12.654 73.917
11 48.526 9.418 39.108 61.812 2.328 59.484
12 45.1 0 45.1 53.392 0 53.392
0.71 1 115.31 98.954 16.358 349.0425 257.037 92.0
2 112.007 92.793 19.214 329.3212 226.026 103.294
3 98.541 76.685 21.856 254.8961 154.365 100.53
4 90.383 66.23 24.153 214.4385 115.143 99.295
5 79.412 48.164 28.248 165.5395 60.893 104.645
6 71.626 38.006 33.62 134.67 37.916 96.752
7 65.361 28.089 37.272 112.1416 20.711 91.43
8 54.612 12.19 42.422 78.28985 3.9 74.389
9 51.4 0 51.4 69.35145 0 69.351
1.0 1 116.532 96.681 19.851 356.4673 245.364 111.103
2 112.427 86.321 26.106 331.7955 195.597 136.199
3 108.131 79.885 28.246 306.9232 167.517 139.406
4 105.251 74.405 30.846 290.7915 145.323 145.469
5 98.314 64.551 33.763 253.7231 109.379 144.344
6 91.91 53.261 38.649 221.7455 74.464 147.281
7 80.692 36.455 44.237 170.919 34.88 136.034
8 72.4 24.939 47.461 137.5962 16.326 121.27
9 67.1 0 67.1 118.1883 0 118.188
1.5 1 110.375 74.423 35.952 319.7943 145.393 174.401
2 106.337 63.086 43.251 296.8234 104.471 192.352
3 98.256 50.243 48.013 253.4238 66.2644 187.159
4 83.614 28.952 55.662 183.5217 22.0032 161.518
5 75.544 16.065 59.479 149.806 6.77471 143.031
6 71.8 0 71.8 135.3251 0 135.325
2.0 1 119.846 83.543 36.303 377.0304 183.21 193.82
2 113.56 73.697 39.863 338.5167 142.57 195.946
(continued on next page)
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Table 7 (continued)
Target thickness
(mm)
S. No. Initial velocity
Vi (m/s)
Residual velocity
Vr (m/s)
Velocity drop
Vd (m/s)
Impact energy
Ei (Joule)
Residual energy
Er (Joule)
Absorbed energy
Ea (Joule)
3 109.745 65.363 44.382 316.1541 112.148 204.006
4 102.88 53.92 48.96 277.8377 76.3184 201.519
5 96.351 40.302 54.049 243.6923 42.6366 201.056
6 85.7 0 86.7 192.7929 0 192.793
2.5 1 117.98 70.574 47.406 365.3811 130.743 234.638
2 106.837 48.829 58.008 299.6213 62.5871 237.034
3 98.7 0 98.7 255.7194 0 255.719
3.0 1 116.55 0 116.55 356.5774 0 356.577
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Fig. 10. Predicted progress of deformation of the target plates impacted by blunt, ogive and hemispherical nosed projectiles.
N.K. Gupta et al. / International Journal of Solids and Structures 44 (2007) 3411–3439 3435jectile initiates the perforation, and, emerges from the rear of the target. The later deforms gradually in the
shape of the projectile nose. However, since the numerical model is axi-symmetric, petalling could not be pre-
dicted by the simulation. Hemispherical nosed projectiles caused highest plastic deformation of the target plate
as compared to the blunt and ogive nosed projectiles. The material of the target plate is pushed forward. There
is thinning of the target material in contact with the projectile. After severe thinning of the target material a
circular plug of considerably smaller diameter than the diameter of the projectile gets separated from the tar-
get plate. It is observed during the numerical simulation that the velocity of the separated plug is higher than
that of the projectile for the case of impact by hemispherical as well as blunt nosed projectiles.6.1. Comparison of observed and predicted results
A comparison of experimental and numerical impact and residual velocities of blunt, ogive and hemispher-
ical nosed projectiles is carried out to study the accuracy of the predicted results. Figs. 11(a)–(f) show a few
typical cases of actual as well as predicted residual velocity comparison. It was observed that numerical anal-
ysis over predicted the ballistic limit velocity in most of the cases. It was also observed that the numerical anal-
ysis predicted more accurate results at velocities above the ballistic limit. The predicted ballistic limit velocities
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Fig. 11. Comparison of observed and predicted results.
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Fig. 12. Predicted Von-Mises stress, shear stress and equivalent plastic strain contours for blunt, ogive and hemispherical nosed
projectiles.
N.K. Gupta et al. / International Journal of Solids and Structures 44 (2007) 3411–3439 3437were also found in good agreement with that of the actual except in a few cases. In the present study a devi-
ation of 17.78%, 16.87% and 6.1% is found between the actual and predicted ballistic limit velocities for blunt,
ogive and hemispherical nosed projectiles impacted on 0.5 mm thick target plates, respectively. For the case of
3438 N.K. Gupta et al. / International Journal of Solids and Structures 44 (2007) 3411–34392.5 mm thick target plates a maximum diﬀerence of 6.26%, 9.2% and 2.84% was found between the actual and
predicted ballistic limit velocities due to the impact of blunt, ogive and hemispherical nosed projectiles, respec-
tively. It was also observed from the numerical results that hemispherical nosed projectiles could not perforate
3 mm thick target plates.
6.2. Contour plots of Von-Mises stress, shear stress and equivalent plastic strain
Stress and strain contours of the target plates are plotted in Fig. 12 to observe the variation of the magni-
tude of stress as well as strain as a result of impact by projectiles of various noses.
The Von-Mises stress, shear stress and equivalent plastic strain in the target plate increases as the blunt
nosed projectile perforates the target plate, and reaches a peak value at the moment of fracture. Beyond frac-
ture however, the stresses as well as strain remain almost constant.
As a result of ogive nosed projectile impact, the peak value of the eﬀective stress as well as shear stress is
reached when the whole of the ogival portion of the projectile perforates the target plate, subsequently the
stresses decrease and become constant. The intensity of equivalent plastic strain, however, reaches a maximum
value at the onset of perforation when the nose of the projectile burst the target plate. Apart from the contact
region the concentration of plastic strain is negligible in the target plate.
Hemispherical nosed projectile causes intense stress localization or thinning of the contact region. The
peak value of Von-Mises as well as shear stress reaches in the locally stretched region at the time of frac-
ture, and subsequently remains constant. The magnitude of the equivalent plastic strain increases with the
commencement of perforation. After the separation of the plug from the target plate the equivalent plastic
strain further increases and becomes constant when the hemispherical portion of the projectile perforates
the target plate.
7. Conclusions
1100-H12 aluminum alloy plates of varying thickness were normally impacted by blunt, ogive and hemi-
spherical nosed steel projectiles of 19 mm diameter at diﬀerent velocities with the help of a pneumatic gun.
Blunt nosed projectiles sheared out a circular plug of diameter equal to that of the projectile giving a clean
cut to the target plates. Perforation of the ogive nosed projectiles caused petal formation in the target plates;
the bending of these petals was found to decrease as the thickness of target plate increased. Hemispherical
nosed projectiles caused thinning of the target material in contact and energy was dissipated both in plugging
as well as tearing of the target material. Formation of small petals was also observed and their number
increased with increase in the thickness of the target plate.
It was seen in the experiments that the diﬀused as well as the localized deformation (at impact region) of the
target plates decreases with an increase in the projectile impact velocity and it increased with increase in the
thickness of the target plate. It was also observed that the hemispherical nosed projectiles caused highest
deformation of the target plates followed by ogive and blunt nosed projectiles, respectively.
It was observed that ogive nosed projectiles are the most eﬃcient penetrator for the case of thin plates. For
the case of thicker plates however, blunt nosed projectiles required lowest energy to perforate the target plates.
The ballistic limit velocity of hemispherical nosed projectiles was found to be highest among all the three
projectiles.
Finite element simulation of the problem was carried out using ABAQUS ﬁnite element code. Adaptive
meshing was employed for the case of impact by ogive and hemispherical nosed projectiles to reduce the exces-
sive distortion of the elements.
The predicted residual velocities and failure modes of the target plates were found to match well with the
corresponding experimental results.
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